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Abstract. Several next-generation experiments aim to make the first measurement of the
neutrino flux from the Carbon-Nitrogen-Oxygen (CNO) solar fusion cycle. We calculate how
much time these experiments will need to run for in order to measure this flux with enough
precision to tell us the metal content of the Sun’s core, and thereby help to solve the solar
metallicity problem. For experiments looking at neutrino-electron scattering, we find that
SNO+ will measure this CNO neutrino flux with enough precision after five years in its pure
scintillator mode, provided its 210Bi background is measured to 1% accuracy. By comparison, a
100 ton liquid argon experiment such as Argo will take ten years in Gran Sasso lab, or five years
in SNOLAB or Jinping. Borexino could obtain this precision in ten years, but this projection
is very sensitive to background assumptions. For experiments looking at neutrino-nucleus
scattering, the best prospects are obtained for low-threshold solid state detectors (employing
either germanium or silicon). These would require new technologies to lower the experimental
threshold close to detection of single electron-hole pairs, and exposures beyond those projected
for next-generation dark matter detectors.
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1 Introduction
The Sun is powered by nuclear fusion reactions occurring in its core [1–5]. This involves hy-
drogen and helium predominantly, but also heavier elements such as lithium, carbon, nitrogen,
oxygen, beryllium and boron. Each heavier element is produced through nuclear fusion from
the lighter ones in a chain-reaction, with some steps in the chain releasing neutrinos of a char-
acteristic energy spectrum. There are two main chains which convert hydrogen to helium in
stars: the proton-proton chain and the carbon-nitrogen-oxygen (CNO) cycle [1], both of which
lead to neutrino production. For the proton-proton chain there are five neutrino components
(pp, 7Be, 8B, pep and hep) each with a different spectrum, while for the CNO cycle there are
three (13N, 15O and 17F), and we refer to the sum of the latter as the CNO neutrinos.
Theoretical predictions for the fluxes of these components depend on solar models, which
themselves depend on various inputs such as the abundance of heavier “metal” elements (specif-
ically all elements heavier than 4He, for example 12C, 13N and 15O) i.e. the metallicity. Solar
models based on abundances that were inferred from earlier observations and modelling of the
photosphere were also in excellent agreement with helioseismological observations (e.g. GS98
[6, 7]). However, advances in photosphere and line-formation modelling led to a downward
revision of most of the abundances of elements heavier than helium, leading to the more re-
cent “low-metallicitly” models [8], now incompatible with helioseismological data [9, 10]. This
disagreement is known as the solar metallicity, or solar abundance problem [11–15], and its
solution will require additional, independent data (it may also be a sign of new physics, see
e.g. ref. [16, 17]). In particular, the CNO neutrino flux is very sensitive to the metallicity of
the solar core, as can be seen in Table 1, and hence a precise measurement of this flux would
help in improving solar models, by providing another metallicity measurement against which
they can be tested [18, 19].
While the components of the proton-proton chain have all been measured (pp [20], pep [21],
7Be [22], 8B [23–25], hep at 1σ [19, 26]), a measurement of the CNO neutrino flux has not yet
been achieved [19]. This is primarily because CNO neutrinos have neither a high energy, like
8B neutrinos, nor a huge flux, like pp neutrinos, but instead form a sub-dominant component of
the total solar neutrino spectrum at energies below approximately 1.5 MeV. Furthermore, due
to effects from the finite energy-resolution and the adopted detection reaction of experiments,
the observed spectrum in a detector resulting from CNO neutrinos is expected to resemble
strongly that from pep neutrinos, leading to systematic uncertainties in determining the CNO
flux even for a background-free experiment.
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Solar
Metallicity
CNO Neutrino Flux [cm−2 s−1]
13N [108] 15O [108] 17F [106]
High 2.78 ± 0.42 2.05 ± 0.35 5.92 ± 1.06
Low 2.04 ± 0.29 1.44 ± 0.23 3.26 ± 0.59
Table 1. Predicted fluxes of each component of the total neutrino emission from the CNO cycle, used in
this work, for the high and low solar metallicity models (GS98 and AGSS09met respectively) [6, 7, 10].
Many current and future experiments will attempt to measure the CNO flux by looking
for neutrinos scattering on electrons, such as Borexino [22], SNO+ [27], the Jinping Neutrino
Experiment [28] and liquid argon experiments such as DarkSide and Argo [29, 30]. It should
also be possible to look for CNO neutrinos through scattering with nuclei, in a similar manner
to direct searches for dark matter. However this would likely require new technologies to achieve
the required low energy threshold [31], for example refs. [32–43].
In this work we determine the accuracy to which these future experiments can measure the
CNO neutrino flux, and whether this is enough to distinguish between the two solar metallicity
scenarios. For experiments looking for electron-recoils from solar neutrinos (e.g. Borexino,
Argo and SNO+), some individual projections have been carried out by the experimental
collaborations themselves for their respective experiments [22, 27, 30]. The purpose of this
work is not to refute these estimates, but rather to gather the predictions in the same place
and to compare as closely as possible the discovery possibilities from a theory perspective.
Our main aim is to obtain a time-scale for when the CNO flux will be measured. Further-
more, as we will see, it is difficult but not impossible for nuclear recoil experiments to see this
flux. By establishing a time-frame we hope to provide crucial input for experimentalists who
plan to run a low-threshold nuclear-recoil experiment, which may also be designed to search
for light dark matter.
2 Electron-recoil experiments searching for CNO neutrinos
Experiments searching for electronic recoils induced by interactions with neutrinos will be sen-
sitive to CNO neutrinos, provided their low-energy threshold is below approximately 1.5 MeV.
Here we consider only elastic scattering i.e. νe + e
− → νe + e−, and not inelastic scattering as
will be seen for example in the DUNE experiment [44].
For these experiments there exist various backgrounds whose spectra are similar to that
expected from CNO neutrino-induced electronic recoils, and which are often specific to the
detector or target. In some cases, the rates of these backgrounds can be determined externally,
for example through measurements of the decay rate of daughter nuclei in a radioactive decay
chain. It is vital that not only should these background rates be kept as low as possible, to
reduce statistical uncertainties, but also ideally that they are known a priori to keep systematic
uncertainties small.
The aim of our analysis is to quantify the precision with which the CNO flux can be
measured for up-coming experimental runs, given the uncertainties on the other solar neutrino
fluxes and backgrounds in the energy region of interest. Of particular importance are the sys-
tematic uncertainties on determining the CNO neutrino flux, which arise through degeneracies
between the CNO flux and both the other neutrino fluxes and the detector-specific background
rates. Motivated by this fact, we perform a Markov Chain Monte Carlo (MCMC) parameter
scan over all of the neutrino fluxes and background rates, by comparing the spectra of these
sources to simulated data with a Poisson likelihood. Each relevant background rate and neu-
trino flux has one parameter which determines its total energy-integrated rate, and the spectra
are kept fixed up to this normalisation i.e. we fit spectra, but vary only the total rates for
backgrounds or fluxes for solar neutrinos.
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The MCMC analysis requires that each parameter has with it an associated prior distribu-
tion, which reflects the amount of knowledge we have about this parameter before the analysis
is performed. For each solar neutrino flux we assume that we have no knowledge and therefore
assume a uniform (or flat) prior. In practice all uniform priors are constant between zero and
a value much greater than the fiducial value used to generate the simulated data. We will also
use a Gaussian prior for some backgrounds when their rates are known to a given precision.
After the analysis is complete the MCMC returns sampled values of each of the parame-
ters, whose histogram is the posterior distribution, which tells us which values of the various
parameters fit best to the simulated data. The posterior has a number of dimensions equal to
the number of free parameters, and so in order to find the precision with which the CNO flux
can be measured we marginalise the posterior over all other parameters.
In the rest of this section we detail, for each experiment, the detector-specific backgrounds
and their priors, and the results of our MCMC analysis on the precision with which the CNO
neutrino flux can be measured. We consider Borexino, SNO+ and dual-phase liquid argon
experiments such as DarkSide or Argo. We do not perform a dedicated analysis for the Jinping
Neutrino Experiment. However its projected sensitivity should be similar to that of SNO+,
corrected for the different target mass [28].
2.1 Borexino
Borexino is a liquid scintillator experiment situated in the Gran Sasso laboratory, with a target
mass of 278 tons and a fiducial mass in the most recent run of 71.3 tons [22, 46]. Neutri-
nos are detected by observing scintillation light from the electrons, which have been given
MeV-levels of energy though elastic scattering. In their previous Phase-I run, the Borexino
collaboration did not observe CNO neutrinos and so set a limit on the CNO interaction rate
of RCNO < 7.9 [100 ton day]
−1 at 95% confidence [22], with a similar limit set in Phase-II [46].
Here we consider a future run of Borexino, taking into account various improvements as de-
tailed below. As the only running experiment considered in this work, it will have the most
realistic projections for measuring the CNO flux, since for example its backgrounds and energy-
resolution are well-understood already.
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Figure 1. Differential electron recoil event rate from CNO neutrinos (solid black) compared with
various backgrounds for Borexino [21, 22, 45].
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Figure 2. Two-dimensional marginalised posterior distributions for Borexino running for 10 years with
the pessimistic prior set, assuming 10% uncertainty on the 210Bi rate (top) or the optimistic prior set
assuming 1% uncertainty on the 210Bi rate (bottom).The dashed black lines show the fiducial values
used to generate simulated data. In each panel the CNO flux is compared to different background rates
and other solar neutrino fluxes, where the red contour bounds 68% of the posterior distribution, while
yellow bounds 95% and blue 99%.
Background
Optimistic Pessimistic
Value Error Value Error
[(ton yr)−1] [1σ] [(ton yr)−1] [1σ]
210Bi 64 1% 64 10%
210Po 950 Free 950 Free
11C 9.49 Free 9.49 Free
Table 2. Fiducial values and relative uncertainties for the backgrounds in Borexino based on Phase-II
data [46]. We provide either the one-sigma error on the Gaussian prior, with central value equal to the
fiducial value, or allow “Free” errors, meaning the prior distribution is uniform and unconstrained.
As shown in figure 1, apart from the other solar neutrino fluxes (7Be and pep) the largest
backgrounds in the region of interest for a CNO neutrino search by Borexino arise from 210Bi
beta-decays (originating from the slow decay of 210Pb) and 11C decay to positrons [21, 45, 46].
The former is particularly troublesome as its spectrum follows closely that expected from the
CNO neutrinos, and so any measurement of the CNO neutrino rate will be partially degenerate
with the rate of 210Bi beta-decay electrons. For Borexino, it has been suggested that the mag-
nitude of this 210Bi background can be inferred to an accuracy of 10% (i.e. around 6.4 counts
per ton per year) or better through measurements of the alpha-decay of its daughter nucleus
210Po [47]. Recent upgrades to the Borexino experiment, to establish secular equilibrium in
the 210Pb decay chain, mean that such a measurement is now possible [48]. The 11C positron
background arises from cosmogenic muons interacting with 12C nuclei. Its contamination in
the region of interest for a CNO search is reduced by an order of magnitude using “three-fold”
coincidence cuts on the cosmogenic muons and neutrons which are commonly produced with
the 11C nuclei [21, 45, 46].
In order to understand the projected sensitivity of Borexino to CNO neutrinos in the
future, and the effect of this technique to measure the 210Bi background, we perform two
MCMC runs each with a different prior distribution for the 210Bi rate. In the first case, we
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assume that the method proposed in ref. [47] allows the 210Bi background rate to be measured
to a precision of 10% of the total rate (i.e. around 6.4 counts per ton per year), and so the
210Bi rate is given a Gaussian prior with this value as its one-sigma standard deviation. While
in the second case we assume an optimistic scenario in which the 210Bi rate will be measured to
1% accuracy (i.e. around 0.64 counts per ton per year). Our different priors and background
rates are summarized in Table 2, based on the Phase-II1 run in ref. [46], which we also use to
obtain the spectra of the background components.
Figure 2 shows a comparison of the posterior distributions from our MCMC projection for
Borexino with either the optimistic or pessimistic prior sets, assuming 10 years of data-taking.
Each panel is a two-dimensional projection of the total posterior distribution i.e. the posterior
distribution summed over all free parameters except those on the x and y axes. This allows us to
see degeneracies between the CNO flux and the different backgrounds and other solar neutrino
spectra. For example, the left-most panel on each plot shows that the CNO flux measurement
is strongly degenerate with the 210Bi background, as expected since they have similar spectra.
The precision on the CNO flux measurement is then obtained by marginalising over the other
parameters, for example by summer over the x-axis in any of the two-dimensional panels, and
so projecting onto the y-axis.
For the pessimistic priors there is a wide range of pairs of values for the 210Bi rate and
CNO flux which provide a good fit to the data, which means that we have only weak constraints
on the CNO flux, since it can be compensated by changing the 210Bi rate. However, with the
optimistic prior set values of the 210Bi rate close to its fiducial value are strongly preferred,
since we know those values further away can not be physical as we assume the 210Bi rate has
been measured to 1% accuracy. Hence the degeneracy is broken and the allowed range of CNO
flux values is much smaller. Importantly for Borexino this degeneracy is very strong, which
is why the effect of the optimistic priors is so clear, indicating that the ability of Borexino to
measure the CNO flux will be extremely sensitive to the precision with which the 210Bi rate is
measured, as well as to the total rate of this background.
Similarly, in the right-most panel we show the degeneracy between the CNO and pep
neutrinos fluxes, resulting from their similar elastic-scattering spectra. This significantly de-
grades the ability of Borexino, and indeed all neutrino detectors, to measure the CNO flux. For
example, if we knew the pep neutrino flux precisely then the CNO flux could be constrained to
be within the region where the vertical dashed line in the right-most panel intersects with the
shaded regions, projected onto the y-axis, but unfortunately disentangling these two neutrinos
fluxes is not possible.
2.2 SNO+
SNO+ is an upcoming liquid scintillator experiment situated at SNOLAB, with a 780 ton
target mass [27]. The expected neutrino signals and backgrounds are shown in figure 3, where
following ref. [27] the background rates are based on those already achieved in Borexino. Due
to its location within a deeper site compared with Borexino, its cosmogenic backgrounds such
as 11C are smaller. The primary purpose of the SNO+ experiment is to measure neutrino-less
double-beta decay using 130Te loaded into the liquid scintillator [27]. Due to this, the SNO+
detector may only be sensitive to CNO neutrinos for a fraction of its total running time, since
this 130Te beta-decay leads to a large background in the CNO neutrino energy range. Hence
in this work we consider only SNO+ in its pure scintillator mode i.e. without 130Te doping.
As with Borexino, and shown in figure 3, the SNO+ detector will have a difficult back-
ground from 210Bi, although it should have better energy-resolution making this background
easier to separate from the CNO neutrino spectrum [27]. It is also expected to have back-
grounds originating from the thorium and uranium decay chains and 85Kr, 210Po and 11C. As
1We use Phase-II as this is the most recent published Borexino data, though note that the backgrounds in
the next phase of Borexino will likely be smaller due to the slow decay of 210Pb and its daughters.
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Background
Optimistic Pessimistic
Value Error Value Error
[(ton yr)−1] [1σ] [(ton yr)−1] [1σ]
210Bi 45.4 1% 45.4 10%
210Po 1530 20% 1530 20%
11C 1.74 Free 1.74 Free
85Kr 96.4 50% 96.4 50%
U chain 74.4 7% 74.4 7%
Th chain 11.1 25% 11.1 25%
Table 3. Fiducial values and relative uncertainties for the backgrounds in SNO+ above a threshold
energy of 0.3 MeV (without 130Te doping) [27]. A percentage uncertainty means the one-sigma error
on the Gaussian prior, with central value equal to the fiducial value. Columns with “Free” errors mean
the prior distribution is uniform i.e. unconstrained.
detailed in ref. [27], each of these backgrounds can be measured to some extent using coinci-
dence decays and tagging of daughter nuclei. For 210Po, α-tagging will be used to reduce this
background by 95%. Hence we adopt Gaussian priors on these background rates which reflect
the expected precision to which these backgrounds will be determined, as shown in table 3.
We perform two runs, an optimistic and pessimistic scenario, where in the former case the
210Bi background can be measured to an accuracy of 1%, while in the latter case it will be
measured to 10% precision, both employing the method proposed in ref. [47]. It remains to be
seen whether the SNO+ background projections are actually achievable in practice.
Figure 4 shows the results of our MCMC analysis for SNO+, assuming a 50% fiducial
mass cut. There is a significant systematic uncertainty on the CNO flux arising from the 210Bi
background, as can be seen by the degeneracy between these two parameters in the left-most
panel. The uncertainty on the CNO flux alone is then obtained by marginalising over the 210Bi
rate, and all of the other parameters. We have made the assumption that the 210Bi background
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Figure 3. The spectrum of electronic recoil events from CNO neutrinos (solid black) compared with
various backgrounds expected for SNO+ [27].
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Figure 4. Marginalised posteriors for SNO+ with 6 months (top) or 3 years (bottom) of data and
pessimistic priors. A diagonal shaped distribution means the parameters have some degeneracy between
them. The dashed black lines show the fiducial values used to generate simulated data. In each panel
the CNO flux is compared to different background rates and other solar neutrino fluxes, where the red
contour bounds 68% of the posterior distribution, while yellow bounds 95% and blue 99%. Note that
all total rates are calculated above an energy of 0.3 MeV.
rate can be measured to an accuracy of 10% i.e. the pessimistic priors, which makes the CNO-
210Bi degeneracy clear. With six months of data, the degeneracy is such that a zero CNO flux
can not be excluded with high significance.
The improvement on the CNO flux measurement going from 6 months to 3 years of
SNO+ data is large. The reason for this is subtle, as more data also helps relieve the partial
degeneracy between both 210Bi and pep and CNO, especially when the tails of their spectra
can be measured precisely. This can be seen in the left-most panel of each plot, where the
best-fit region between CNO and 210Bi rotates towards the horizontal, meaning the degeneracy
between these two parameters has been reduced. This is because the increased statistics means
that the spectra of the CNO and 210Bi components, as shown in figure 3, can be more easily
distinguished. Hence an increased amount of data has not only reduced statistical uncertainties,
but also systematics . There is little degeneracy between the CNO flux and the 11C or U-chain
backgrounds, since their spectra are not expected to be similar to that from CNO. though there
is a small amount of degeneracy for the 3 year run between the Th-chain and CNO.
2.3 Liquid argon TPCs
In addition to the currently-running DEAP-3600 [49] there exist several upcoming or proposed
experiments, such as DarkSide-20k (with a fiducial mass of 20 tons) and Argo (with a fiducial
mass of 100 tons) [29, 30], based on a dual-phase argon2 time-projection chamber (TPC) set-
up which will look for both dark matter, primarily through nuclear-recoils, and neutrinos [29].
Here we take a more general view and will not look at a specific experiment in detail, with
the motivation of determining the best experimental set-up to maximize sensitivity to CNO
neutrinos for an argon experiment. Additionally, although we know that DarkSide-20k will be
housed in the Gran Sasso lab [29], we do not know if this will be the case for Argo, and so we
will consider also the case where Argo is housed in SNOLAB or Jinping [28].
The analysis of ref. [30] identified two major sources of backgrounds relevant to a search for
CNO neutrinos using electronic recoils in a liquid argon experiment: cosmogenic backgrounds
2We do not consider liquid xenon experiments for an electronic recoil CNO neutrino search due to their large
backgrounds, especially from 136Xe double-beta decay [50].
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and 222Rn from the detector environment. The background from 222Rn comes from β-decay
electrons emitted by 214Pb and 214Bi, two of the daughters of 222Rn α-decay. In this work we
use the background spectra calculated in ref. [30], which we show in figure 5. As can be seen
from the figure, the excellent energy resolution makes the pep spectrum easy to distinguish
from CNO.
The size of the background from the 222Rn decay chain depends on the specific detector
set-up of the argon experiment, and needs to be smaller than ∼ 100 µBq per 100 ton to make
a measurement of the CNO flux achievable [30]. The DEAP-3600 experiment had a 222Rn
contamination level of (1.8 ± 0.2) · 104 µBq per 100 ton in its most recent run [49], however
a larger experiment such as DarkSide-20k or Argo should have a smaller contamination by
volume, as the 222Rn enters through the walls of the argon tank and scales less strongly with
increasing experiment size than the total target mass. Throughout this work we assume a
222Rn contamination of 10 µBq per 100 ton. The magnitude of the radon background can be
measured through observations of the delayed coincidence between 214Bi β-decay and 214Po
α-decay, another daughter of 222Rn α-decay [30, 49]. Hence in order to understand the effect of
this measurement on the CNO sensitivity, we perform analyses with the 222Rn freely-varying
and with it fixed a priori to a given precision. All of the fiducial values and priors we use in
our analysis are given in table 4.
The result of our MCMC scan for a liquid argon experiment based in Gran Sasso lab
with a 1000 ton-year exposure is shown in figure 6. It is clear that the CNO flux is degenerate
with measurements of the radon background and the background from 32P decays, as expected
from their similar spectra at lower energies seen in figure 5. Indeed, as can be seen in the
second panel from the left in each plot, knowledge of the radon background vastly improves
the precision to which the CNO flux can be measured, by eliminating regions of parameter
space where a larger radon background can compensate for a smaller CNO flux, and vice versa.
For the pessimistic case, the 99% region extends to values where the CNO flux is zero, and
the radon background is around 5 counts per day per ton, and so when marginalising over the
radon background SNO+ can not exclude the possibility of a zero CNO flux at 99% confidence.
By contrast, when we fix the radon background for the optimistic case, a zero CNO flux will
be strongly disfavoured by the experiment. Hence in order to measure the CNO neutrino flux
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Figure 5. The spectrum of electronic recoil events from CNO neutrinos (solid black) compared with
various backgrounds expected for a liquid argon experiment operating in the Gran Sasso lab [30]. The
222Rn contamination is assumed to be 10 µBq per 100 ton.
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Figure 6. Contours showing the degeneracy between the CNO flux and various backgrounds and other
solar neutrino fluxes for a liquid argon electronic-recoil experiment running in the Gran Sasso lab, with
an exposure of 1000 ton-years with an unknown radon background (top) or a radon background known
to a precision of 10% at one-sigma (bottom). The dashed black lines show the fiducial values used to
generate simulated data. In each panel the red contour bounds 68% of the posterior distribution, while
yellow bounds 95% and blue 99%.
at high-precision with an argon-based experiment, it is crucial that the radon background is
kept as small as possible and is measured.
In the case where the liquid argon experiment, such as Argo, is based in SNOLAB or
Jinping, we assume that the 32P and “Other cosmogenics” background rates in Table 4 are
100 times lower owing to the smaller atmospheric muon flux [28]. As shown in figure 7, the
improvement gained by this reduction in the cosmogenic background is larger than one might
expect, and is due to two effects: the first is the reduction in statistical uncertainty from the
lower total background. The second is a partial breaking of the degeneracy between the CNO
and 222Rn spectra, as the radon background spectrum has a predominant tail which will be
difficult to measure above the cosmogenic background in Gran Sasso (see figure 5), but is easily
visible for Argo, or a similar experiment, based in SNOLAB or Jinping. This also means that
an external measurement of the 222Rn background through coincidence decays is less important
for an experiment based in SNOLAB or Jinping, since its rate can be determined well from
the beta-spectrum alone. Indeed as can be seen in the second-from-left panel in figure 7 there
is still degeneracy between the CNO flux and the 222Rn rate in the pessimistic case, but it no
Background
Optimistic Pessimistic
Value Error Value Error
[(ton yr)−1] [(ton yr)−1]
222Rn daughters 0.84 10% 0.84 Free
32P 0.78 Free 0.78 Free
Other cosmogenics 5.4 Free 5.4 Free
Table 4. Fiducial values and uncertainties for the backgrounds in a liquid argon experiment, based
in Gran Sasso [30], where “Other cosmogenics” refers to all cosmogenic backgrounds except for 32P. A
percentage uncertainty means the one-sigma error on the Gaussian prior, with central value equal to the
fiducial value. Columns with “Free” errors mean the prior distribution is uniform i.e. unconstrained.
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Figure 7. Contours showing the degeneracy between the CNO flux and various backgrounds and other
solar neutrino fluxes for a liquid argon electronic-recoil experiment running in SNOLAB or Jinping, with
an exposure of 1000 ton-years with an unknown radon background (top) or a radon background known
to a precision of 10% at one-sigma (bottom). The dashed black lines show the fiducial values used to
generate simulated data. In each panel the red contour bounds 68% of the posterior distribution, while
yellow bounds 95% and blue 99%.
longer extends to values of zero for the CNO flux. This is due to the fact that a zero CNO flux
would need to be compensated by a larger radon background which would also introduce too
many events at higher energies above the cut-off of the CNO spectrum, while in the Gran Sasso
case these extra events would not be easily visible above the large cosmogenic background.
2.4 Comparison of potential CNO flux measurements
Figure 8 shows the expected precision with which our various projected experimental runs can
measure the CNO neutrino flux at 3σ confidence. For each run, the error bars bracket the region
where the value of the CNO neutrino flux provides a fit to the simulated data which deviates
by 3σ or less from the best-fit value, marginalising over the other parameters in the MCMC
fit. We have chosen 3σ since it is generally considered to be a sufficient level of confidence for
discovery in astrophysics.
A liquid argon electronic recoil experiment based in Gran Sasso lab will obtain the required
precision with a 1000 ton year exposure and a radon background which has been measured a
priori to a precision of 10% at 1σ (or better). This exposure could be obtained by the proposed
Argo experiment in just over 3 years if it has a mass of 300 tons, but will likely take up to
10 years since the plan is to use 100 tons as the fiducial mass [29, 30, 51]. With such an
exposure Argo in Gran Sasso will be able to distinguish between the low and high metallicity
scenarios for the CNO flux at 3σ confidence, though as expected from figure 6 this is not the
case if the size of the radon background is unknown or poorly measured. Unfortunately for a
lower exposure the precision degrades significantly, and so there is no prospect for measuring
the CNO flux with DarkSide-20k. In all such instances the argon experiments gain a significant
advantage from their excellent energy resolution.
For Argo, or a similar experiment, based in SNOLAB or Jinping the prospects are even
better. This is mainly because the 222Rn background is much easier to distinguish from the
CNO spectrum, compared with Gran Sasso where the larger cosmogenic background makes it
difficult to precisely measure the radon from its beta-spectrum alone. In this case a precise
determination of the CNO flux can be made in approximately half the time, with a 500 ton year
exposure, even if the radon background is not measured using observations of coincidence
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Figure 8. Comparison of experiments searching for CNO neutrinos using electronic recoils, with either
exposure or running-time labelled. The error-bars show the projected 3σ precision with which each
experimental run will be able to measure the flux of CNO neutrinos. The optimistic and pessimistic
scenarios differ by how accurately key backgrounds will be measured, and are detailed in Table 4 for
liquid argon experiments (e.g. DarkSide-20k or Argo) [29, 30], Table 3 for SNO+ [27] and Table 2 for
Borexino [22, 46]. The horizontal lines labelled “High” and “Low” refer to the high and low metallicity
scenarios respectively [6, 7, 10]. Each column and colour represents a different experiment or lab
combination.
decays. This would take Argo (in SNOLAB or Jinping) 5 years with a 100 ton fiducial mass.
In both cases this requires a radon background at the level of 10µBq per 100 tons contamination.
SNO+ in its pure liquid-scintillator mode (i.e. without 130Te added) should achieve a
good measurement of the CNO flux with three years of running, and with five years of data
will be able to distinguish the two scenarios for the solar metallicity using CNO neutrinos at
3σ, provided that the 210Bi background can be measured to an accuracy of 1%. As can be
seen in figure 8, without this constraint on the 210Bi background rate, the measurement of the
CNO flux will be much less precise due to the large degeneracy between the CNO flux and the
210Bi rate. Hence an accurate determination of the 210Bi rate in SNO+ is crucial for a CNO
neutrino search. A SNO+ run of six months should be able to detect CNO neutrinos with 99%
confidence, but will lead to only a modest constraint on the absolute flux, which is unlikely to
be better than the limit already set by Borexino [22, 46]. Hence SNO+ would need to run for
between 3 and 5 years to be confident of measuring the CNO flux to enough precision to solve
the solar metallicity problem, provided that its background levels are as low as those already
measured in Borexino.
After ten years of running, Borexino could measure the CNO flux with enough precision to
separate the two solar models, provided that the 210Bi background is measured to a precision of
1% i.e. the optimistic prior scenario. However, this projection is extremely sensitive to the level
of precision to which the backgrounds, especially 210Bi can be measured to i.e. for Borexino the
difference in CNO flux precision between the optimistic and pessimistic cases is particularly
large. If the future run of Borexino has larger background rates than we have assumed or if
these are not measured to the precision assumed in our optimistic prior case, then Borexino is
unlikely to measure the CNO flux even after ten years, as is clear from the large error bars for
the pessimistic case.
Note also that we have only fit energy spectra in our analysis of each experiment, while
the experimental collaborations will have access to additional information. Hence our projec-
tions should be considered as conservative estimates. For example, the Borexino collaboration
will have access to more data such as the spatial position of each interaction, information on
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coincidences between different detected events and the pulse-shape of each event, which may
improve their sensitivity to CNO neutrinos [21, 45, 46]. The SNO+ and Argo groups would
likely have access to similar information, though in all cases the improvement is not likely to
be large, considering that we have made efforts to implement the effects of these cuts where
possible.
Which of these experimental runs gets to the CNO flux measurement first, especially with
enough precision to solve the solar metallicity problem, depends on both background control
and on the amount of running time dedicated to a CNO search. If the SNO+ collaboration
commit most of their experimental run-time to a search for neutrino-less double-beta decay [27]
then it is possible (though perhaps unlikely) they will be overtaken by Argo, or potentially the
Jinping Neutrino Experiment [28], despite the fact that SNO+ is in a more advanced stage of
development. As an estimate, if SNO+ finishes its neutrino-less double-beta decay search in
2022, then a CNO flux measurement may be possible by around 2025 to 2027, but possibly
later. This relies crucially on the estimates of the 210Bi rate in ref. [27] being correct. The
Borexino experiment has the advantage that it is already running, and may be the first to
exclude a zero CNO flux, provided its backgrounds are kept under control. Importantly, this
also means that its background rates will be the most realistic of the experiments considered
in this work, in contrast to the projections of SNO+ and Argo, and so for a fair comparison
this fact must be taken into account.
As a final point, we note that it is possible that new technologies may allow the CNO
flux to be measured by electron-recoil experiments sooner, in particular the development of
experiments which can detect both scintillation and Cherenkov light, such as THEIA [52–54].
This would mean that the direction of the recoiling electrons could be measured in addition
to their energies, which would break the degeneracy between solar neutrinos and background
such as 210Bi.
3 Nuclear-recoil experiments searching for CNO neutrinos
In the previous section we considered experiments looking for CNO neutrinos through their
scattering with electrons, now we turn to nuclear-recoil searches. For the case of CNO neutrinos
scattering with nuclei the energy range of interest is below a few hundred eV, with the exact
value depending on the particular target nucleus [31] i.e. targets with heavier nuclei require
lower thresholds to observe CNO neutrinos, as shown in figure 9. Such low-energy recoils are
difficult to observe, limiting the sensitivity of these searches. However nuclear-recoil searches
have the advantage of lower backgrounds, and a larger cross section of interaction between
neutrinos and nuclei (compared with electrons), arising from coherent enhancement by approx-
imately the square of the number of neutrons in the target nucleus. This also means that
target exposures (effective mass times experiment live time) can in principle be much lower.
Hence, in contrast to the previous section, our focus here will not be on background control,
but instead we are predominantly concerned with finding the required combination of target
nucleus, low-energy threshold and exposure in order to measure the CNO neutrino flux with
precision.
Current nuclear-recoil experiments focus on searching for dark matter, but they also work
well as neutrino detectors [31, 55–58]. The energy thresholds of the most successful dark
matter direct detection experiments are currently too high for a CNO neutrino search, for
example the liquid-xenon-based LZ and XENON1T experiments have thresholds around a
keV, meaning they will not see any CNO neutrinos [59–61]. However there has been much
recent progress on the development of experiments with lower thresholds. For example, the
CRESST-III experiment which looks for small temperature changes of a cryogenically-cooled
CaWO4 crystal, had a low-energy threshold conservatively set at 100 eV for their most recent
analysis with 2.39 kg-days of data [35]. In addition, the same collaboration has developed the
ν-cleus detector with a 20 eV threshold using a 0.5g Al2O3 crystal target [33]. There has also
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Figure 9. The expected spectrum of nuclear-recoils from elastic scattering by CNO neutrinos in the
high-metallicity case, for various different target nuclei.
been progress using germanium-based experiments such as SuperCDMS, which has achieved
energy thresholds as small as 75eV and 56eV in their most recent runs with an exposure around
70kg-days [36]. This has been possible thanks to a special (high-voltage) operation mode and
new efforts in understanding and reducing the overall background rate.
The next stage in this experiment, SuperCDMS in SNOLAB, could go as low as a 40eV
threshold with an exposure in high-voltage detectors around 44kg-yr for germanium and 10 kg-
yr for silicon [41]. In addition, the next phase of the EDELWEISS experiment, which also uses a
germanium target, could have a mass as large as 100kg [43]. Finally, the NEWS-G experiment,
based on the technology of gaseous spherical detectors, had a 720eV threshold in their recent
run with a 9.7kg-days exposure using neon and CH4 targets [40]. In this kind of detector, the
low energy threshold is limited only by the mean ionization energy of the gas mixture, which,
depending on the specific target, can be as low as a few eV [62, 63].
In the rest of this section we will focus on making projections for future versions of such
searches, since at present their low target masses, much smaller than for the electron-recoil
experiments, will not provide enough data for a precise measurement of the CNO flux. We will
determine exactly what exposures will be needed, for a given low-energy threshold and target
nucleus, for a positive detection of the CNO flux.
3.1 Statistical procedure
In order to do so, we test the ability of an experiment with a given target nucleus, recoil
detection threshold and exposure to discriminate the CNO flux from the pp, pep, 8B and 7Be
neutrino fluxes originating in the pp chain. Thus, we
1. randomly generate events based on the total expected spectrum, from both the proton-
proton-chain and CNO. For each pseudoexperiment, the normalizations of the proton-
proton-chain fluxes are randomly obtained, within measured uncertainties [19]3. The
CNO flux is fixed to the sum of the 13N and 15O fluxes.
311%, 8.5%,15% and 3% for pp, 8B, pep and 7Be, respectively.
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2. We construct an extended unbinned likelihood:
L = e−Nexp
Nobs∏
i
[∑
c
φ0,c
dR
dER
(Ei)
]
P (φ0,c), (3.1)
where dRdER is the expected differential neutrino-nucleus scattering rate, Nobs is the number
of “observed” events in the sample, and P (φ0,c) is a Gaussian prior on the neutrino fluxes,
with mean and width based on the currently measured fluxes. The index c runs over the
components c = {pp, pep, 8B, 7Be, (13N + 15O) }. The total solar fluxes φ0,c are
normalized such that the total number of expected events is:
Nexp =
∑
c
Nexp,c =
∑
c
φ0,c′
∫ Emax
Eth
dR
dER
dER (3.2)
We do not consider background events, which implies a certain level of discrimination
between electronic and nuclear recoils.
This is because solar neutrinos from other populations, especially pp, will induce electron
recoils in the energy range relevant for a nuclear-recoil search for CNO neutrinos. Despite
pp neutrinos being much more abundant, coherent scattering with nuclei benefits from a
larger cross section than for electronic scattering, including a factor of the nucleon number
squared. With this consideration, the rate expected from pp neutrino-induced electron
scattering is smaller than the one for CNO neutrino nuclear recoils, by approximately a
factor 10 in xenon for example, in the region-of-interest [55, 64]. Thus, although a certain
level of discrimination between electron and nuclear recoils would be desirable, it is only
really important for the lightest nuclei, where one would preferably have around 90%
electron-recoil rejection or better.
3. The likelihood in equation (3.1) is then maximised setting φ0,CNO = 0, then again for
allowing the total CNO flux to vary freely. The quantity ts = 2(log(LCNO)−log(LCNO=0))
is constructed. We count an experiment as successful when ts > 3.84, corresponding to a
95% CL detection (ts is indeed distributed as a chi-squared with one degree of freedom).
4. Steps 1-3 are repeated 5000 times for each point in exposure-threshold parameter space.
3.2 Results
Fig. 10 shows the result of this procedure, for nuclear recoil experiments using helium, oxygen,
neon, silicon, germanium and xenon in the high-metallicity scenario. The contours represent
the line above which 90% of the pseudoexperiments are able to see the CNO flux at 95% CL or
more. As expected, lighter targets are able to measure the CNO flux with a higher threshold,
as larger momenta can be transferred from the neutrinos. The drawback is a suppression in
event rate due to the smaller N2 enhancement, where N is the number of neutrons.
Figure 10 allows us to assess the suitability of the different experimental techniques to
look for CNO neutrinos. For example, despite their large projected exposures, liquid xenon
detectors would require a threshold energy smaller than 5eV, which is three orders of magnitude
smaller than their current values. It is not clear if this is physically possible, see e.g. ref. [65].
Conversely, the threshold needed for gaseous spherical detectors with light targets seems within
the reach of future experiments, however, the required exposures are still very far from those
projected in future detectors, and it is not clear whether discrimination from electron recoils
is possible. The situation is similar for experiments with oxygen-based crystal targets, such as
CRESST and ν-cleus [33].
Of all the nuclear-recoil technologies, low-temperature solid state detectors appear to be
best suited for the observation of CNO neutrinos. Indeed, the exposure needed for germanium
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Figure 10. Required exposure versus threshold to discover the CNO neutrino flux via coherent neutrino-
nucleus interaction at 95% CL, in the high metallicity scenario. For each target element all parameters
above the lines will lead to a CNO detection. In the low-metallicity case, we are unable to significantly
distinguish the CNO flux from the other solar neutrino components.
is just a factor of three larger than what SuperCDMS SNOLAB will achieve, although the
threshold would need to be reduced to ∼ 10eV. Likewise, silicon would require a threshold
of approximately 30eV, smaller than the projected 70eV of SuperCDMS SNOLAB, and the
exposure needed is approximately ten times larger. In principle, these thresholds could be
reduced since the required energy to produce a single electron-hole (e− h) pair in germanium
and silicon is of the order of 3eV and 3.6eV, respectively. Although this is not within the reach
of current technology, future improvements could make this possible.
For detection of CNO neutrinos in the low-metallicity scenario, the prospects of direct
detection experiments are less promising. The 13N and 15O fluxes decrease substantially and
the resulting spectrum blends in to that of the pep neutrinos. As a result, much larger exposures
are needed, as well as much lower thresholds. As an example, a silicon experiment would require
a threshold of approx 10 eV and a minimum exposure of 0.5 ton-yr to start observing these
events, whereas a germanium-based experiment would require a threshold close to the minimum
energy to excite an e− h pair.
4 Conclusion
There is no consistent model of the Sun which explains both helioseismological data and mea-
surements of the solar metallicity using spectroscopic data, leading to the so-called “solar
metallicity problem” [8, 9]. The aim of this paper has been to work out when experiments
will measure the CNO neutrino flux with enough precision to help solve this problem, and
the challenges this involves. We have studied both nuclear recoil experiments, which need to
be sensitive to very low-energy recoils but have small backgrounds, and electronic recoil ex-
periments, which generally have larger target masses but also higher background rates. We
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determine whether such nuclear-recoil technologies, which are important to the search for light
dark matter, can catch up with the electronic-recoil experiments.
For experiments searching for CNO neutrinos using electron-recoils, we have made pro-
jections with an MCMC analysis, to compare how precisely they will be able to measure the
CNO flux, given various assumptions about the backgrounds and how well their rates will be
measured. Figure 2 shows our results for Borexino, figure 4 for SNO+ and figures 6 and 7 for a
liquid argon experiment, such as Argo [29, 30], in Gran Sasso and SNOLAB respectively. Each
two-dimensional panel shows the range of parameters which provide a good fit to simulated
data, highlighting the degeneracies between parameters which lead to systematic uncertainties.
For Borexino and SNO+ the main degeneracy is between the CNO flux and the 210Bi back-
ground, while for argon experiments the CNO flux is degenerate with the background from
the decay of the 222Rn daughters. Any technology which could break this degeneracy would
significantly improve the accuracy of a CNO flux measurement (see e.g. refs. [52–54]). In all
cases the CNO flux is strongly degenerate with the pep neutrino flux.
Since we have performed our own analysis, we are able to compare our projected sensitiv-
ities for each experiment. Our comparison is shown in figure 8. For each experimental run we
have chosen an optimistic and pessimistic prior set, with the former imposing strong constraints
on the sizes of key backgrounds and thereby reducing systematic uncertainties, while in the
latter case we use only weak constraints. The comparison between these different assumptions
makes it clear that controlling key systematics is just as vital as obtaining more data.
For experiments looking for CNO neutrinos through their scattering with nuclei we focused
on future searches, and determined the required low-energy threshold and exposure for different
target nuclei, in order to measure the CNO neutrino flux precisely. Our results for nuclear-
recoils are shown in figure 10.
Our analysis highlights several ways in which the CNO flux may be measured to the
precision needed to separate the two solar metallicity scenarios, which we list below:
• If Argo is built in Gran Sasso lab with a 100 ton fiducial mass then it will measure
the CNO flux to the required precision after ten years, provided that the 222Rn-chain
background is measured to a accuracy of 10% or better.
• Building Argo in SNOLAB or Jinping, where the cosmogenic backgrounds will be smaller,
should lead to an accurate CNO flux measurement in only 5 years, assuming a 100 ton
fiducial mass. In all cases the argon experiments rely on their extremely good projected
energy resolution.
• SNO+ will measure the CNO flux in 5 years provided that the 210Bi rate is known to at
least 1% accuracy. However this is only if it is kept running in its liquid scintillator mode,
and not while doped with 130Te for the neutrino-less double-beta decay search. It is likely
the best candidate to see CNO neutrinos, with a potential for detection between 2025 to
2027 if its double-beta search ends in 2022, but only if the 210Bi rate meets projections
to be at least as low as that already achieved in Borexino [27].
• Borexino will set strong limits on the CNO neutrino flux, and could obtain a good mea-
surement after ten years, provided it can measure the 210Bi rate to an accuracy of better
than 0.5 counts per day. It is the most sensitive of the experiments to systematics from
backgrounds, and so an accurate measurement of 210Bi is particularly important. Cru-
cially though, it is the only experiment we have considered which is currently running,
and so has the most realistic background assumptions.
• Nuclear recoils of CNO neutrinos could also be within the reach of dark matter exper-
iments, although these would require very low-thresholds and large exposures. Low-
temperature solid state detectors seem the best alternative to confirm or rule-out the
high-metallicity scenario, but the technology will have to improve to be able to lower the
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experimental threshold down to 10eV for germanium or 30eV for silicon. Probing the
low-metallicity scenario is much more challenging, as lower thresholds and larger expo-
sures are needed. Such an experiment would also revolutionize constraints on light dark
matter by many orders of magnitude [36].
It is clear is that, despite the challenges, neutrino experiments will be able to contribute
significantly to the solar metallicity problem in the near future. A full solution will likely also
need us to understand why helioseismology disagrees with the standard solar model. Which
experiment gets there first will depend on the amount of time dedicated to a CNO neutrino
search and crucially, how well the backgrounds can be controlled for electron-recoil searches,
and how low the energy threshold will be for nuclear-recoil searches.
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